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Long-chain  w-hydroxyalkanethiols  (HS(CH2)nOH)  coordinate  to 
gold  surfaces  through  the  sulphur  atom  and  produce  ordered, 
hydrophilic  monolayers  in  which  the  hydroxyl  groups  are  exposed 
at  the  outer  surface.  Coadsorption  of  two  w-hydroxyalkanethiols 
of  different  chain  lengths,  n,  results  in  formation  of  a 
monolayer  having  a  disordered  surface  region  that  is  markedly 
less  hydrophilic  than  the  homogeneous,  hydroxylic  surface  formed 
from  either  pure  compound.  By  controlling  the  composition  of  the 
monolayer,  it  is  also  possible  to  control  simultaneously  the 
degree  of  order  in  the  stirface  and  its  hydrophilicity .  In  the 
monolayers  containing  a  mixture  of  alkanethiol  components,  these 
components  apparently  do  not  phase-segregate  into  macroscopic 
islands,  but  are  dispersed  on  a  molecular  scale. 

Long-chain  alkanethiols  adsorb  spontaneously  from  solution 
onto  clean  gold  surfaces  and  form  monolayer  films  (1,2).  These 
films  are  densely  packed  and  highly  ordered  both  in  the  plane  of 
the  monolayer  and  perpendicular  to  it  (3,4);  the  thiol 
coordinates  to  the  gold  surface,  and  the  polymethylene  chains 
pack  in  an  all-trans  conformation  tilted  slightly  from  the  normal 
to  the  surface.  Although  gold  interacts  strongly  with  sulfur, 
phosphorus,  and  other  "soft”  ligands,  it  is  inert  towards  most 
"hard"  organic  functionalities  containing  only  first-row  elements 
(5).  This  selectivity  for  sulfur  allows  us  to  prepare  oriented 
organic  monolayer  films  containing  many  functional  groups  of 
chemical  and  biological  interest  and  to  exercise  a  high  degree  of 
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control  over  the  structure  of  these  films.  In  particular,  by 
using  adsorbates  having  the  structure  HS(CH2)n^f  prepare 

monolayers  presenting  a  more  or  less  well-ordered  array  of  the 
group  X  at  the  monolayer-air  interface.  If  the  polymethylene 
chain  of  HS(CH2)n^  is  at  least  ten  carbons  long,  the  surface 
properties  depend  primarily  on  the  tail  group  X,  are  independent 
of  the  chain  length,  and  are  influenced  only  indirectly  by  the 
sulfur-gold  interface.  These  terminally-functionalized  films  are 
versatile  and  convenient  systems  with  which  to  study  the 
physical-organic  chemistry  of  interfaces.  A  central  objective  of 
our  work  with  these  monolayer  films  is  to  discover  the 
relationships  between  molecular-scale  structure  and  macroscopic 
physical  properties  of  interfaces  —  wettability,  adhesion 
strength,  coefficient  of  friction  —  that  depend  strongly  on 
short-range  intermolecular  forces  (6) . 

We  have  examined  the  wettability  by  water  of  monolayers 
composed  of  HS(CH2)iiOH  (abbreviated  here  as  HSCuOH)  , 

HS(CH2)i90H  (HSCigOH)  and  mixtures  of  these  two  compounds. 

Figure  1  illustrates  the  theory  on  which  this  group  of 
experiments  rest.  If  the  pure  compounds  form  well-ordered 
monolayers  (Figures  lA  and  1C) ,  these  monolayers  should  present  a 
dense,  hydrophilic,  wettable,  two-dimensional  array  of  hydroxyl 
groups  at  the  monolayer-water  interface;  if  the  monolayers  are 
disordered,  a  more  hydrophobic,  less  wettable  mixture  of  hydroxyl 
and  methylene  groups  will  be  exposed  (Figure  ID) .  In  the  event 
that  monolayers  of  the  pure  compounds  are  highly  ordered,  there 
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are  two  plausible  structures  for  monolayers  containing  mixtures 
of  tne  two  components.  If  the  components  are  dispersed  on  a 
molecular  scale  (Figure  IB) ,  an  interesting,  two-layer  structure 
could  result  in  which  a  disordered  surface  region  is  isolated 
from  the  gold  by  a  deeper  layer  of  densely-packed,  ordered 
polymethylene  chains.  Since  this  disorder  would  expose  methylene 
groups  at  the  monolayer-water  interface,  the  mixed  monolayers 
would  be  more  hydrophobic  than  monolayers  of  the  pure  c'-mpounds . 
Alternatively,  the  two  components  could  separate  into  discrete, 
macroscopic  islands  (Figure  IE) ,  each  of  which  would  present  a 
hydrophilic  array  of  hydroxyl  groups  at  the  surface.  We  expect 
the  wettability  of  an  "island"’  monolayer  containing  two 
components  to  be  only  marginally  different  from  that  of  an 
ordered,  homogeneous  monolayer  containing  only  one  pure 
component,  so  long  as  the  island  size  is  relatively  large  (;&  10 
nm) .  An  "island"  structure  would  present  only  a  small  fraction 
of  the  area  of  the  monolayer-water  interface  as  methylene  groups, 
and  would  thus  be  similar  in  its  hydrophilicity  to  a  single¬ 
component  monolayer.  Thus,  examination  of  the  wettability  of 
monolayers  of  HSCuOH,  HSC^gOH,  and  mixtures  of  the  two 
compounds,  addresses  a  number  of  questions  about  the  structure  of 
these  monolayer  films;  the  order  in  monolayers  of  pure 
compounds,  the  relative  order  in  pure  and  mixed  monolayers,  and 
the  extent  of  phase  separation  in  the  mixed  monolayers. 

We  prepared  monolayers  by  immersing  freshly  evaporated,  gold 
films  in  solutions  of  the  thiols  in  degassed  ethanol  for  12  h  at 
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room  temperature  (7) ,  The  total  concentration  of  thiol  was  1  mM. 
We  measured  the  ellipsometric  constants  of  the  gold  films  before 
and  after  adsorption  of  the  monolayer,  computed  the  thickness  of 
the  monolayer  by  standard  procedures  (8) ,  and  determined 
advancing  contact  angles,  with  water  by  the  sessile  drop 

technique  (2).  Ellipsometric  thic3cnesses  and  contact  angles  are 
shown  in  Figure  2,  plotted  against  the  ratio,  R,  of  HSCuOH  to 
HSCigOH  in  solution  (9)  . 

The  ellipsometric  thickness  of  the  monolayers  decreased  in  a 
smooth  step  from  23  A  for  pure  HSCigOH  to  13  A  for  pure  HSC2_]_0H 
in  the  region  between  R  =  1  and  R  =  30.  The  change  in  thickness 
by  10  A  is  consistent  with  a  difference  in  chain  length  of  eight 
methylene  units,  assviming  a  model  in  which  the  chains  are  fully 
trans-extended  and  tilted  20-30*  from  the  normal  to  the  gold 
surface,  as  inferred  from  infrared  spectra  (3) .  Both  surfaces 
composed  of  pure  components  showed  contact  angles  with  water  near 
0°  (<15®  for  HSCigOH,  <10*’  for  HSCiiOH)  — observations  consistent 
with  our  model  of  well-ordered  monolayers  exposing  only  the  polar 
hydroxyl  group  at  the  film-water  interface  (10) .  Polarized 
external  reflectance  infrared  spectra  of  a  long-chain,  alcohol- 
terminated  thiol  (HS  (CH2)  adsorbed  on  gold  showed  narrow  (12 

cm“^  FWHM)  CH2  symmetric  and  asymmetric  vibrations  at  2851  cm~^ 
and  2919  cm“^,  frequencies  that  are  indicative  of  crystalline 
packing  of  polymethylene  chains  (11)  . 

The  compositions  of  the  monolayers  and  the  solutions  from 
which  they  were  adsorbed  were  not  the  same.  We  presume  that  the 
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midpoint  in  the  thickness  of  the  monolayers  corresponds  to  a  film 
containing  equal  concentrations  of  HSCuOH  and  HSC19OH;  this 
point  occurs  at  R  =  6,  that  is,  when  [HSCuOH] soln  = 

6  [HSC^gOH]  soln*  observation  that  the  concentration  of 

HSCi]_OH  in  solution  is  higher  than  in  the  monolayer  is  not 
surprising:  the  longer-chain  compound  forms  a  monolayer  that  is 

intrinsically  more  stable  than  the  monolayer  formed  from  the 
shorter  chain,  since  it  has  a  larger  molecular  surface  to 
participate  in  energetically  favorable  van  der  Waals  interactions 
with  adjacent  chains.  We  have  observed  substantial  differences 
in  composition  between  solutions  and  their  derived  monolayers  for 
many  two-component  systems  (2) . 

The  point  of  central  interest  in  Figure  2  is  the  pronounced 
maximum  in  the  hydrophobicity  of  the  monolayer  films  at  a  value 
of  R  corresponding  to  a  monolayer  with  the  greatest  degree  of 
mixing  and,  we  believe,  the  greatest  extent  of  disorder  at  the 
monolayer-water  interface  (Figure  IB)  (12) .  This  maximum  is 
important  because  it  provides  a  clear  example  of  the  successful 
correlation  of  molecular-scale  structure  with  a  macroscopic 
physical  property,  because  it  supports  the  inference  of  high 
order  in  the  pure  single-component  monolayer  systems,  and  because 
it  argues  against  phase  separation  (13) . 

Self-assembled  monolayers  on  gold  of  compounds  of  the 
structure  HS(CH2)n>l0^  exceptionally  useful  systems  with 

which  to  explore  the  physical-organic  chemistry  and  materials 
science  of  monolayers  and  thin  films:  they  are  easily  prepared 
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and  have  high  structural  order;  a  wide  variety  of  groups,  X,  are 
compatible  with  the  system;  they  permit  design  of  the  solid- 
liquid  interface  on  an  A-scale.  The  results  reported  here 
illustrate  the  degree  of  control  that  can  be  achieved  over 
wettability,  a  representative  macroscopic  materials  property,  by 
rational  variation  in  the  structures  and  proportions  of  the 
components  of  these  self-assembled  monolayers,  and  emphasizes  the 
importance  of  short-range  (<5  A)  structure  in  determining 
wettability . 
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X-ray  photoelectron  spectroscopy  provides  indirect 
confirmation  of  our  deductions  based  on  contact  angle.  The 
carbon  Is  peak  arising  from  the  CH2OH  group  is  significantly 
broader  in  the  R  =  5  monolayer  than  in  either  of  the  pure 
monolayers.  We  attribute  this  line  broadening  to  the 
multiple  environments  experienced  by  the  tail  group  in  the 
disordered  surface  region.  Other  experiments  examining  the 
structure  of  the  mixed  films  are  in  progress. 

The  distribution  of  molecules  in  the  monolayers  containing  a 
mixture  of  the  two  alkanethiols ,  around  R  =  6,  is  not 
necessarily  entirely  random,  but  any  clusters  of  molecules 
of  one  component  must  be  small. 

Supported  in  part  by  the  Office  of  Naval  Research  and  the 
Defense  Advanced  Research  Projects  Agency,  and  by  the 
National  Science  Foundation  (CHE-85-08702).  Infrared 
spectra  were  taken  by  Dr.  Ralph  Nuzzo  (AT&T  Bell 
Laboratories) ,  whom  we  thank  for  assistance  and  many  useful 
discussions . 
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Captions 

Fig.  1.  Stylized  illustrations  of  monolayer  structures.  Proposea 
structures  of  (A)  pure  monolayer  of  HS (CH2) igOH;  (B)  monolayer 
composed  of  50%  HS(CH2)i90H  and  50%  HS(CH2)iiOH;  (C)  pure 
monolayer  of  HS(CH2)iiOH.  Structures  we  believe  do  not  occur  in 
the  systems  studied  here:  (D)  disordered  monolayer  and  (E) 
monolayer  containing  a  mixture  of  components  and  showing  phase 
separation  into  islands. 

Fig.  2.  Properties  of  mixed  monolayers  of  HS(CH2)iiOH  and 
HS(CH2)i90H  as  a  function  of  solution  composition:  ellipsometric 
thickness  (O)  and  cosine  of  the  advancing  contact  angle  of  water 
(•) .  Inset:  expanded  plot  of  contact  angles  in  the  region  of  the 
peak  maximum. 


•» 


QZZZ  UMC: 


L^-Z'z.zz,  Adv5jTcac  Fss^s.^'zr.  liXL2Al, 

rrc;®c-s  Acer.cv 
14CC  Wilscr,  iculevard 
•Arlir.rtcn ,  Vizri-iia  22209 

cis”“idi.s  Cddi-Csr  NOOOll* 

■.istrzAive  Csr.-rac -ir.c  1(6601.6 

Cificar 


iroi'-s;?,  cr  c: 
:o/i.'::i2H:rzo 
2 


ch^*l  ar-***-*»l 


ir“cr  sna--;  -3..:£  izziz:.zr.ii  cis* 

^  » V  •ft  c  — A/-  -  -  •  •—  ••.*  •••  Sc'  ® 


! •*  arrcrdir.r 2  v.*i”  a  s-rp^er.er.^a-  ciS-ri-uticr:  -is: 


^  ^  U- 


-•y. 


CL/1113/87/2 


ABSTRACTS  DISTRIBUTION  LIST.  356B 


Professor  T.  Marks 
Department  of  Chemistry 
Northwestern  University 
Evanston,  Illinois  60201 

Dr.  Kurt  Baum 
Fluorochem,  Inc. 

680  S.  Ayon  Avenue 
Azuza,  California  91702 


Dr.  Ulrich  W.  Suter 
Department  of  Chemical  and  Engineering 
Massachusetts  Institute  of  Technologies 
Room  E19-628 

Cambridge,  MA  02139-4309 


Dr.  William  Bailey 
Department  of  Chemistry 
University  of  Maryland 
College  Park,  Maryland  20742 

Dr.  J.C.H.  Chien 

Department  of  Polymer  Science  and 
Engineering 

University  of  Massachusetts 
Amherst,  MA  01003 

Professor  G,  Whitesidgs- 
Depa  rtmen  tgi--€lTenfrstT^ 
Harv^jcd-tJnTvers  i  ty 
.ilam^ri dge ,  Massachusetts  02138 

Dr.  K.  Paciorek 
Ultrasystems,  Inc. 

P.O.  Box  19605 
Irvine,  California  92715 

Dr.  Ronald  Archer 
Department  of  Chemistry 
University  of  Massachusetts 
Amherst,  Massachusetts  01002 

Professor  D.  Seyferth 
Department  of  Chemistry 
Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts  02139 


Professor  J.  Moore 
Department  of  Chemistry 
Rensselaer  Polytechnic  Institute 
Troy,  New  York  12181 

Dr.  V.  Percec 

Department  of  Macromolecular 
Science 

Case  Western  Reserve  University 
Cleveland,  Ohio  44106 

Dr.  Gregory  Girolami 
Department  of  Chemistry 
University  of  Illinois 
Urbana-Champagne,  IL  61801 

Dr.  Ted  Walton 
Chemistry  Division 
Code  6120 
Naval  Research  Lab 
Washington  D.C.  20375-5000 

Professor  Warren  T.  Ford 
Department  of  Chemistry 
Oklahoma  State  University 
Stillwater,  OK  74078 

Professor  H.  K.  Hall,  Jr. 
Department  of  Chemistry 
The  University  Arizona 
Tucson,  Arizona  85721 


Dr.  Fred  Wudl 
Department  of  Chemistry 
University  of  California 
Santa  Barbara,  CA  93106 


Professor  Kris  Matjaszewski 
Department  of  Chemistry 
Carnegie-Mel Ion  University 
4400  Fifth  Avenue 
Pittsburgh,  PA  15213 

Professor  Richard  Schrock 
Department  of  Chemistry 
Massachusetts  Institute  of  Technology 
Cambridge,  MA  02139 


CL/1113/87/2 


ABSTRACTS  DISTRIBUTION  LIST,  356B 


Professor  A.  G.  MacOiarmid 
Department  of  Chemistry 
University  of  Pennsylvania 
Philadelphia,  Pennsylvania 


19174 


Dr.  E.  Fischer,  Code  2853 
Naval  Ship  Research  and 
Development  Center 
Annapol is ,  Maryland  21402 


Professor  H.  All  cock 
Department  of  Chemistry 
Pennsylvania  State  University 
University  Park,  Pennsylvania 


16802 


Professor  R.  Lenz 
Department  of  Chemistry 
University  of  Massachusetts 
Amherst,  Massachusetts  01002 


Professor  G.  Wnek 
Department  of  Chemistry 
Rensselaer  Polytechnic  Institute 
Troy,  NY  12181 


Professor  C.  Allen 
Department  of  Chemistry 
University  of  Vermont 
Burlington,  Vermont  05401 


Dr.  Ivan  Caplan 
DTNSRDC 
Code  0125 

Annapolis,  MD  21401 


Dr.  R.  Miller 
Almaden  Research  Center 
650  Harry  Road  K91B801 
San  Jose,  CA  95120 


Dr.  William  B.  Moniz 
Chemistry  Division 
Naval  Research  Laboratory 
Washington,  O.C.  20375-5000 


'M 


Dr.  Richard  M.  Laine 
SRI  International 
333  Ravenswood  Avenue 
Menlo  Park,  California 


94025 


Dr.  L.  Buckley 

Naval  Air  Development  Center 
Code  6063 

Warminster,  Pennsylvania  18974 


Dr.  James  McGrath 
Department  of  Chemistry 
Virginia  Polytechnic  Institute 
Blacksburg,  Virginia  24061 


Dr.  Geoffrey  Lindsay 
Chemistry  Division 
Naval  Weapons  Caiter 
China  Lake,  California 


93555 


Professor  J.  Salamone 
Department  of  Chemistry 
University  of  Lowell 
Lowell,  Massachusetts  01854 


Dr.  J.  Griffith 
Naval  Research  Laboratory 
Chemistry  Section,  Code  6120 
Washington,  D.  C.  20375-5000 


Professor  T.  Katz 
Department  of  Chemistry 
Columbia  University 
New  York,  New  York  10027 


Dr.  Christopher  K.  Ober 
Department  of  Materials  Science 
and  Engineering 
Cornell  University 
Ithaca,  New  York  14853-1501 


Pi 


